We have considered the processes of excitation and ionization of light multicharged ions by impact of high-energy particles, which proceed with participation of the ns electrons. The screening corrections to the energy levels and photoionization cross sections are evaluated analytically within the framework of the non-relativistic perturbation theory with respect to the electron-electron interaction. The universal scalings for the excitation and ionization cross sections are studied for arbitrary principal quantum numbers n. 1. Since decades the fundamental processes of excitation and ionization of few-electron atomic ions have been persistently investigated within the framework of different sophisticated approaches, due to necessity of the accurate account of all interactions in the colliding system (see, for example, the works [1, 2, 3, 4, 5, 6, 7] and references there). The deduction of the universal scaling behavior for differential and total cross sections is of particular importance, because it allows one to establish generic features of various processes for a wide family of targets [8, 9, 10, 11] . In this Letter, we study the excitation and photoionization of light multicharged ions, which proceed with participation of the ns electrons. As a method, the consistent non-relativistic perturbation theory in the Furry picture is employed [12] . The calculations are performed analytically, taking into account the one-photon exchange diagrams.
1. Since decades the fundamental processes of excitation and ionization of few-electron atomic ions have been persistently investigated within the framework of different sophisticated approaches, due to necessity of the accurate account of all interactions in the colliding system (see, for example, the works [1, 2, 3, 4, 5, 6, 7] and references there). The deduction of the universal scaling behavior for differential and total cross sections is of particular importance, because it allows one to establish generic features of various processes for a wide family of targets [8, 9, 10, 11] . In this Letter, we study the excitation and photoionization of light multicharged ions, which proceed with participation of the ns electrons. As a method, the consistent non-relativistic perturbation theory in the Furry picture is employed [12] . The calculations are performed analytically, taking into account the one-photon exchange diagrams.
The characteristic quantities for the theoretical description of collision processes on multicharged ions are the Coulomb potential I = η 2 /(2m) for single ionization from the K shell, the average momentum η = mαZ of the K-shell electron, the Bohr radius a 0 = 1/(mα), the electron mass m, and the fine-structure constant α ( = 1, c = 1). The parameter αZ is supposed to be sufficiently small (αZ ≪ 1), although we assume nuclear charges with Z ≫ 1.
2.
In the non-relativistic theory, the stationary states of hydrogen-like atomic system are characterized by the principal quantum number n, the value of angular momentum l, and projection of the orbital angular momentum m [13] . The corresponding eigenfunctions, which are solutions of the Schrödinger equation for a bound electron in the external Coulomb field of a point nucleus, read [14, 15] ψ nlm (r) = R nl (r)Y lm (θ, ϕ) ,
R nl (r) = −2η
Here η n = η/n and Y lm are the spherical harmonics. The wave functions are normalized in the standard fashion
∞ 0 drr 2 R nl (r)R n ′ l (r) = δ nn ′ .
According to works [16, 17, 18] , it is convenient to represent the associated Laguerre polynomials in Eq. (2) via the contour integral
where the closed path encircles counter-clockwise the origin t = 0, but not the point t = 1.
In the following, we shall focus on the bound ns states (l = 0). In the momentum representation, the corresponding eigenfunctions (1) can be written as
In Eq. (8), after taking the derivative with respect to λ, one should set λ = y and then perform the contour integration enclosing the pole at y = η n .
3.
Let us consider a helium-like ion in the pure ns 2 ( 1 S) state. Within the framework of nonrelativistic perturbation theory with respect to the electron-electron interaction, the energy levels E are given as a series in powers of the reversed nuclear charge Z −1
where ǫ 0 = −2n −2 . The dimensionless coefficients ǫ k depend on the principal quantum number n.
The first-order correlation correction ∆E (1) can be written as
Performing integrations over the intermediate momenta yields
where N 2 ns = η 3 n /π and η n = η/n. The matrix element evaluated with the Coulomb wave function (1) reads [19] 
The integrals in the expression (12) are given by residues of the integrand at the poles y k = η n , (k = 1, 2, 3). For the ground state (n = 1), ǫ 1 = 5/4 [15] , while for the 2s 2 configuration, ǫ 1 = 77/256 [20] . In Table I , we present the coefficients ǫ 1 = Z∆E (1) /I calculated for the principal quantum numbers n 16. In the asymptotic limit n ≫ 1, n 2 ǫ 1 tends to the constant 1.189.
As another example, we shall also evaluate the correlation correction ∆E (1) for helium-like ion in the 1sns ( 1,3 S) states. The energy levels E can be again presented as an expansion (10).
However, in this case, for k 1, the coefficients ǫ k differ for the singlet and triplet states, while
. The first-order correction ∆E (1) contains contributions of the Coulomb direct and exchange integrals
In Eq. (14), the plus and minus signs correspond to the singlet and triplet states, respectively. The matrix elements with the Coulomb wave functions are given by Eq. (13) . The splitting between the energy levels with different multiplicities is just 2K. In Tables II and III , we present the coefficients ǫ 1 = Z∆E (1) /I calculated for the n 1,3 S terms with n 15. In the asymptotic limit n ≫ 1, both coefficients ǫ 1 exhibit a similar behavior as 2n −2 , because the contribution due to the exchange interaction vanishes.
4.
Let us now consider the high-energy electron scattering on a hydrogen-like ion being in the ground state, which results in excitation of a K-shell electron into the bound ns state (n 2).
We shall derive formulas for differential and total cross sections of the process in the leading order of non-relativistic perturbation theory. The particular case of n = 2 has been studied in Refs. [20, 21] . The incident electron is characterized by the energy E p = p 2 /(2m) and the momentum p at infinitely large distances from the nucleus, while the scattered electron possesses the energy E p 1 = p 2 1 /(2m) and the asymptotic momentum p 1 . The energy-conservation law implies
On the example of the 1s-2s excitation [21] , we have seen that the calculations of total cross sections performed within the framework of the Born approximation are worthwhile even in the near-threshold domain, where the expansion with respect to the powers of the reversed energy E −1 p appears to be an asymptotic series. The best agreement with the exact calculations is achieved, if one truncates the expansion with taking into account only the leading high-energy term.
For non-relativistic energies E p within the asymptotic range
and the absolute value of the asymptotic momentum of the scattered electron is estimated as p 1 ∼ p ≫ η. Accordingly, one needs to calculate only the Feynman diagram depicted in Fig. 1 .
The wave functions of both the incident and scattered high-energy electrons can be approximated by plane waves (Born approximation). The contribution of the exchange diagram turns out to be significantly suppressed and thus negligible. Using the expressions (7)- (9), the amplitude of the process can be represented as follows
where N 2 ns = η 3 n /π, ν = iq − λ, and q = p − p 1 is the momentum transfer. Although Eq. (18) is written in the complex form, it is a real function of the square of the momentum transfer q 2 . In the limit q 2 → 0, Eq. (18) is in agreement with the expression (13) . Taking the derivative with respect to λ in Eq. (17) yields
where x = q/η and τ ± = 1 ± n −1 . Note, that T n (x) is a real function depending actually on x 2 .
The differential cross section for the 1s-ns excitation is related to the dimensionless function
where σ 0 = πa 2 0 = 87.974 Mb. Here we have also introduced the dimensionless energy ε = E p /I of the incident electron. The energy-conservation law implies ε = ε 1 + 1 − n −2 , where ε 1 = E p 1 /I denotes the dimensionless energy of the scattered electron. The asymptotic non-relativistic energy domain is characterized by 1 − n −2 ≪ ε ≪ 2(αZ) −2 .
The leading high-energy contribution to the total cross section for the excitation process is given
In Eq. (24), we have chosen the regular branch of the logarithm, which assumes real values on the upper edge of the cut made along the positive semi-axis. The universal function Q n (ε) does not depend on the nuclear charge Z and describes the excitation of states with the zeroth-order matrix element of the dipole transition [15] . The dimensionless quantity κ n , which is a function of the principal quantum number n, is presented for particular values of n 12 in Table IV. In the limit n ≫ 1, the coefficients κ n tend to the asymptotic value κ n ≃ 1.798.
Let us make a few comments:
• Due to the crossing symmetry [12] , the Feynman graph depicted in Fig. 1 describes also the 1s-ns excitation by the high-energy positron impact. The exchange effect is absent at all. To get the amplitude for the process, one needs to make the following substitutions: p ⇋ −p 1 , which do not alter expressions for the ionization cross section. Accordingly, Eqs. (22)- (24) are also valid for the case of the positron impact.
• Although we have considered the excitation process by the high-energy electron impact, Eqs. (22)- (24) are also valid for the case of fast projectiles with another mass M . The corresponding energy-conservation law still reads E p − I = E p 1 − I n , where E p = M v 2 /2 and I n is given by Eq. (3). However, now it is convenient to calibrate the energies of the incident and scattered particle by the characteristic binding energyĨ = M (αZ) 2 /2, namely, ε = E p /Ĩ and ε 1 = E p 1 /Ĩ. The dimensionless energy ε = v 2 /(αZ) 2 does not depend on the mass of the incident particle, while the energy-conservation law now implies ε = ε 1 + µ(1 − n −2 ), where
• To leading order of non-relativistic perturbation theory, the total cross section for impact excitation of helium-like ions from the ground state into the 1sns configuration is by a factor 2 as large as that σ * 1s (ns) for hydrogen-like ions, taking into account the number of target electrons.
5.
The process of the single photoionization of a hydrogen-like ion in the ns state is described by the diagram depicted in Fig. 2 . The incident photon is characterized by the momentum k, the energy ω = |k| = k, and the polarization vector e. The energy-conservation law reads E p = ω − I n , where E p = p 2 /(2m) is the energy of the outgoing electron and I n is given by Eq. (3). Accordingly, the non-relativistic photoeffect can proceed at photon energies I n ω ≪ m. In the dipole approximation, the non-relativistic problem can be solved analytically [22, 23, 24, 25, 26] .
Using the integral representation (8) for the Coulomb wave functions (7) yields the amplitude of the process under consideration in the closed form
where ξ = η/p. Here we employ the Coulomb gauge, in which (e · k) = 0 and (e * · e) = 1. The dimensionless function (26) can be written as
where f n (ξ) for particular values of 1 n 9 are presented in Table V . For large values of n, it is convenient to employ the recurrence relations between the matrix elements [22, 23, 24, 25, 26] .
The total cross section reads [23, 25] 
where σ 0 = απa 2 0 = 0.642 Mb. Due to the energy-conservation law, the parameter ξ = η/p corresponds to the dimensionless energy of the photon ε γ = ω/I according to ε γ = ξ −2 + n −2 . The universal function F n (ξ) does not depend on the nuclear charge number Z.
In the high-energy non-relativistic domain, which is characterized by n −2 ≪ ε γ ≪ 2(αZ) −2 , the amplitude (25) simplifies and appears as
Here
where
. The formula (32) , which provides just the leading term in the expansion of Eq. (29) with respect to the parameter ξ ≪ 1, can be obtained within the Born approximation.
Since the function (30) involves also the parameter πξ, which originates from the normalization factor of the Coulomb wave function of the continuous spectrum, the convergence of the ξ expansion is sufficiently slow. Note also that, since the electron-nucleus binding for the excited ns electron is weaker than that for the K-shell electron, the cross section σ + ns is suppressed by the factor of n −3 with respect to the cross section σ + 1s . In the limiting case of a free electron, the cross section for single photoeffect tends to zero [12] .
6. Let us consider the single ionization of helium-like ions in the 1sns ( 1,3 S) states by highenergy photon impact, which is not followed by excitation of the target. The principal quantum number n is assumed to be n 2. For the ground state, the problem has been studied in Ref. [27] .
The process can proceed by two different channels. We shall start with ionization of the K-shell electron. Neglecting the electron-electron interaction, the amplitude of the process reads
where A 1s is given by Eq. (31). The total cross section is just σ + 1s given by Eq. (32) , that is, it keeps the same form for both the singlet and triplet states. The spin dependence appears, when one takes into account the electron-electron interaction.
In first-order perturbation theory, the amplitude for the first ionization channel is A I = A arises only from the diagrams depicted in Figs. 3(a) and (b) , while the other diagrams can be neglected. In explicit terms, one can write
Here again the momentum transfer is q = p − k ≃ p. In the derivation, we have used the Born approximation for the wave function of the ejected high-energy electron. In Eq. (34), the plus and minus signs correspond to the singlet and triplet states, respectively. For q ≫ η, the matrix element involving the reduced Coulomb Green's function G R (E 1s ) was evaluated in the work [27] .
The correlation corrections for the amplitude can be cast into the following form
The coefficients a ± 1 , which correspond to the singlet and triplet states, are presented in Tables VI and VII. In the limit n ≫ 1, the product n 3 a + 1 tends to the asymptotic constant −1.031, while n 3 a − 1 approaches the value 0.087. Employing Eqs. (33) and (37) yields the total amplitude for the single K-shell photoeffect
which takes into account the electron correlations. The ionization cross section reads
where σ + 1s is given by Eq. (32). As it is seen, account of the electron-electron interaction gives rise to the significant dependence of ionization cross sections on the spin multiplicity of atomic states.
Indeed, the characteristic orbits of the 1s and ns electrons are somewhat different. However, in the singlet state, both electrons are allowed to be at the same spatial point, while, in the triplet state, it is forbidden by the Pauli principle. Accordingly, in the n 1 S state, the account of the dominant correlation corrections attenuates the binding of the K-shell electron with the nucleus.
As a result, the cross section decreases in comparison with the single-particle prediction (32) 1sns ( 1,3 S) states is ionization of the ns electron. To leading order, the amplitude of the process reads
where A ns is given by Eq. (31). The total cross section coincides with the formula (32), being independent of the spin multiplicity of the wave functions.
To first order of the perturbation theory with respect to the electron-electron interaction, one needs to take into account the diagrams drawn in Figs. 3(c) and (d) . The corresponding contributions can be represented as
Here the matrix elements should be evaluated with the reduced Green's function G R (E ns ) at the energy point E ns = −η 2 n /(2m), which is related to the usual non-relativistic Green's function G(E) via
For q ≫ η, the Coulomb matrix element has the following integral representation [19] q|G
where ζ = η/p 1 and p 1 = √ 2mE is the intermediate momentum. Performing the analytical continuation of Eq. (44) and canceling the pole terms according to the definition (43) yield
The explicit expressions of the function P n (λ) for particular values of n 9 are given in Table   VIII .
In the case of ionization of the ns electron, it is convenient to introduce the correlation coeffi-
where plus and minus correspond to the singlet and triplet states, respectively. The coefficients b II . The partial cross section for the second channel reads
where σ + ns is given by Eq. (32) . As it is seen, account of the electron-electron interaction turns out to be crucial for describing the high-energy photoeffect on the ns electron. Especially, it concerns the triplet states, where the screening corrections b − 1 are very large. Due to the Pauli exclusion principle, the transfer of a large momentum from the nucleus to the ns electron appears to be hardly probable. Accordingly, the ionization cross section strongly decreases in comparison with the single-particle approximation (32) . Note that, for a neutral helium atom in the n 3 S state, Eq. (47) predicts negative values for σ + II , if n 3. In this case, one needs to take into account higher-order correlation corrections, which have not been considered in the present paper. For two-electron ions with Z 3, the cross section (47) is always positive.
Taking into account both ionization channels, the total cross section for the single photoeffect on helium-like ions in the 1sns ( 1,3 S) states reads
In view of the relation (32), Eq. (49) can be also cast into the following form
The coefficients a ± 1 and b ± 1 describe the dominant contribution to the correlation effect at high photon energies.
Although the expressions (49) and (50) have been derived within the Born approximation, Eq. (49) can be employed for a sufficiently wide energy domain, provided the single-particle cross sections are described by Eq. (29) [27, 28] . Indeed, the expression (29) keeps the same form to first order of the perturbation theory, taking into account the correlation corrections to the
neglecting terms of the order of about (ξ/Z) 2 = (mα/p) 2 (see also extensive discussions on this topic in Refs. [29, 30, 31, 32] ). In this paper, we have omitted some correlation corrections to the amplitude, which are of about mα/p (in particular, those, which arise due to the final-state interaction). However, the neglected terms are purely imaginary and do not contribute to the ionization cross section.
Concluding, we have investigated the processes of excitation and ionization of light multicharged ions by impact of high-energy particles, which proceed with participation of the ns electrons.
The dominant correlation corrections to the energy levels and photoionization cross sections are calculated analytically within the framework of non-relativistic perturbation theory. As major result, the universal scalings for the excitation and ionization cross sections are deduced. For various values of the principal quantum number n, the functions P n (λ) are tabulated according to Eq. (45). 
